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Listeria monocytogenes is a Gram-positive facultative intracellular pathogen which invades different cell
types, including nonphagocytic cells, where it is able to replicate and survive. The different steps of the cellular
infectious process have been well described and consist of bacterial entry, lysis of the endocytic vacuole,
intracellular replication, and spreading to neighboring cells. To study the listerial infectious process, genta-
micin survival assays, plaque formation, and direct microscopy observations are typically used; however, there
are some caveats with each of these techniques. In this study we describe new single-cell techniques based on
use of an array of integrative fluorescent plasmids (green, cyan, and yellow fluorescent proteins) to easily,
rapidly, and quantitatively detect L. monocytogenes in vitro and in vivo. We describe construction of 13
integrative and multicopy plasmids which can be used for detecting intracellular bacteria, for measuring
invasion, cell-to-cell spreading, and intracellular replication, for monitoring in vivo infections, and for gener-
ating transcriptional or translational reporters. Furthermore, we tested these plasmids in a variety of epiflu-
orescence- and flow cytometry-based assays. We showed that we could (i) determine the expression of a
particular promoter during the cell cycle, (ii) establish in one rapid experiment at which step in the cell cycle
a particular mutant is defective, and (iii) easily measure the number of infected cells in vitro and in mouse
organs. The plasmids that are described and the methods to detect them are new powerful tools to study
host-Listeria interactions in a fast, robust, and high-throughput manner.

Listeria monocytogenes is a facultative intracellular pathogen
and is responsible for human listeriosis. This bacterium is able
to cross three tissue barriers, the intestinal barrier, the hemato-
encephalic barrier, and the feto-placental barrier, by subvert-
ing cellular effectors and functions, thereby allowing bacterial
internalization, replication, and survival within different types
of cells, including nonphagocytic cells and macrophages (6,
15). Bacterial entry into nonphagocytic cells is induced by
binding of two bacterial surface proteins, InlA and InlB, to
their cognate receptors on the host cell, E-cadherin and the
hepatocyte growth factor (HGF) receptor Met, respectively (2,
15, 34). After entry, Listeria is engulfed in a vacuole, which is
rapidly lysed by the action of listeriolysin O (LLO). Following
escape from the vacuole, L. monocytogenes replicates in the
cytosol. Subsequently, the bacterium polymerizes host actin at
the bacterial pole, forming actin tails, which provide the driv-
ing force for intracellular motility. The bacterial surface pro-
tein ActA is sufficient to promote actin recruitment and poly-
merization events (15). Using this actin-based motility system,
L. monocytogenes can spread from cell to cell by forming pro-

trusions that are engulfed by neighboring cells. After escape
from the secondary vacuole that forms in the newly invaded
cell, the bacterium may continue its intracellular life cycle (6).
Although several aspects of L. monocytogenes virulence have
been described, many aspects of this virulence remain un-
known; the functions of at least 35% of the Listeria genes have
not been identified, and the roles of these genes in virulence
have not been determined (12). To address this issue, sensitive
high-throughput assays are necessary.

The classical method used to assess the invasiveness of a
bacterium is the gentamicin survival assay, which determines
the number of bacteria that survive treatment with gentamicin
after entry into cells. The two methods commonly used to
measure cell-to-cell spread are the plaque assay, which relies
on infection of a fibroblast monolayer, and direct micro-
scopic observation of individual foci of infection initiated by
uptake of a single bacterium in the cell monolayer in the
presence of gentamicin. These techniques are widely used;
however, as experiments are increasingly performed at the
single-cell level and using high-throughput assays, methods
for studying bacterial infections need to be improved.

The use of green fluorescent protein (GFP) as a tool to study
host-pathogen interactions has been reported for Gram-nega-
tive (28, 32, 33) as well as Gram-positive (1, 10, 20, 22) bacte-
ria. GFP, which was first identified in the jellyfish Aequorea
victoria in the 1960s (16, 27), enables direct visualization of
tagged bacteria. By introducing mutations into the gfp gene,
many useful GFP variants have been developed, including the
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commonly used enhanced GFP (which contains a Ser65Thr
substitution), as well as cyan fluorescent protein (CFP) and
yellow fluorescent protein (YFP) (4). Additionally, a red
fluorescent protein cloned from Discosoma coral (DsRed)
and variants of this protein (mRFP1 and mCherry) have been
generated and used in reporter systems (25). The emission
wavelengths of the different fluorescent protein variants cover
the visual spectrum, and these variants are useful for single-cell
studies.

L. monocytogenes strains harboring plasmids expressing GFP
have been used in previous studies (10, 17, 36). However, these
studies used multicopy plasmids bearing GFP and antibiotic
selection genes for maintenance of the fluorescence plasmids
over long periods of time. Furthermore, heterogeneity in the
plasmid copy number throughout the cell population prevents
use of these plasmids for quantitative single-cell studies. In
this study, we constructed 9 integrative plasmids (and 4
multicopy plasmids) that allowed chromosomal labeling of
L. monocytogenes with different fluorescent proteins (GFP,
CFP, and YFP). Since these proteins were expressed from the
chromosome, there was no need for antibiotic pressure, which
allowed long-term experiments to be performed. Furthermore,
a single copy resulted in homogeneous fluorescence; therefore,
quantitative studies could be performed. Our plasmids either
express the fluorescent proteins under various promoters (Phy-
per [a constitutive promoter], PinlC, and PactA) or can be used
to generate transcriptional or translational fusions. The pow-
erful methods described below could ultimately be used for
high-throughput screens to identify either new host factors or
new bacterial factors that are involved in cellular infection or
virulence.

MATERIALS AND METHODS

Bacterial strains, plasmids, and cell lines. Strains and plasmids used in this
study are listed in Table 1. Listeria strains were grown at 37°C in brain heart
infusion (BHI) (Difco Laboratories, Detroit, MI). Escherichia coli strains were
grown in Luria-Bertani (LB) broth at 37°C. When required, chloramphenicol was
used at a final concentration of 7 �g/ml for L. monocytogenes and at a final
concentration of 35 �g/ml for E. coli, and kanamycin was used at a final con-
centration of 50 �g/ml for E. coli. The tissue culture cells used in this study were
Caco-2 cells (human epithelial colon cells; ATCC HTB-37), Jeg-3 cells (human
epithelial placental cells; ATCC HTB-36), HeLa cells (human epithelial cervix
cells; ATCC CCL-2), and J774A.1 cells (BALB/c mouse macrophage cells;
ATCC TIB-67). Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 1 mM sodium pyruvate, 2 mM L-glu-
tamine, 0.1 mM nonessential amino acids, and 10% (vol/vol) fetal calf serum
(Biowest). Cells were grown at 37°C with 10% CO2.

Cloning techniques. Primers used in this study are listed in Table 2. Standard
techniques for DNA manipulation were used (24). PCRs were carried out using
the Phusion high-fidelity PCR system (Finnzymes OY) according to the manu-
facturer’s recommendations. A QIAquick PCR purification kit (Qiagen) and a
QIAquick gel extraction kit (Qiagen) were used for purification of DNA frag-
ments. Restriction endonucleases and DNA-modifying enzymes were obtained
from New England Biolabs and used according to the manufacturer’s instruc-
tions. Plasmid DNA was prepared using a Qiagen minispin prep kit (Qiagen).
Transformation of E. coli XL1-Blue and L. monocytogenes was accomplished by
performing electroporation with a 0.1-cm cuvette using a GenePulser apparatus
(Bio-Rad) set to 25 �F, 400 �, and 1.25 kV.

Construction of plasmids encoding fluorescent proteins. Site-specific pAD
integration vectors were constructed using the pPL2 backbone (18). Similar to
plasmid pH-hly gfp-PL3 (26), our pAD plasmids, which contain convenient re-
striction sites (Fig. 1), are composed of tandem copies of the rrnB T1 transcrip-
tion terminator upstream of the Hyper-SPO1 (Phyper) constitutive promoter
(23). Specifically, the rrnB T1 terminator region of the vector pH-hly gfp-PL3 was
amplified with primers Term-Fw-SacI and Phyper-Term-Rv-EagI (Table 2). The

Phyper promoter sequence was present in the Phyper-Term-Rv-EagI primer
rather than amplified from the pH-hly gfp-PL3 plasmid. The resulting PCR
product, containing the transcriptional terminators upstream of the Phyper pro-
moter, was cloned into the pCR2.1-TOPO vector (Invitrogen) and was verified
by sequencing using primers M13 and REV. Primers UTRhly-Fw-EagI and
UTRhly-Rv were used to amplify the hly 5� untranslated region (UTR) PCR
fragment from the pH-hly gfp-PL3 plasmid, and primers UTRhly-gfp-Fw and
gfp-Rv-SalI were used to amplify the gfpmut2 gene from genomic DNA of E. coli
TG1 �att cat-gfp (a kind gift from J. M. Ghigo). To fuse the hly 5� UTR sequence
to a fluorescence-encoding gene, the resulting PCR products were gel purified
and then used as templates in an splicing-by-overlap-extension (SOE) PCR (35)
with the flanking primers UTRhly-Fw-EagI and gfp-Rv-SalI. The fragments
composed of the mCherry-, YFP-, or CFP-encoding gene fused to the hly 5� UTR
were generated similarly. The yfp and cherry genes were amplified from the
pJEBAM3 (1) and pmCherry (Clontech) plasmids, respectively, using primer
pairs UTRhly�cfp-yfp-Fw/Y/CFP-Rv-SalI and UTRhly�mCherry-Fw/mCherry-
Rv-SalI. The cfp gene was amplified in two steps in order to suppress the SacI site
present in the original plasmid, pJEBAM2 (1). The 5� and 3� parts of cfp were
amplified from pJEBAM2 using primers UTRhly�cfp-yfp-Fw and CFP-int-Rv
and primers CFP-int-Fw and Y/CFP-Rv-SalI, respectively. The two fragments
were then coligated by SOE PCR using primers UTRhly�cfp-yfp-Fw and
Y/CFP-Rv-SalI. The final SOE PCR products, containing the entire hly 5� UTR
sequence fused to the initiating codon of the fluorescent protein-encoding genes,
were then cloned in pCR-Blunt (Invitrogen) and verified by sequencing using
primers M13 and REV. Plasmids containing the transcriptional terminators were
digested with SacI and EagI, while plasmids harboring the fluorescent protein-
encoding genes were digested with EagI and SalI. Restriction fragments were gel
purified and then coligated with the pPL2 vector (18) digested with SacI and SalI
to generate plasmids pAD-cGFP, pAD-cYFP, and pAD-cCFP.

Plasmids pAD-PactA-XFP and pAD-PinlC-XFP were constructed as follows
using the pAD-cXFP plasmid as the template. The inlC and actA promoters were
incorporated into primers PinlC-Term-Rv-EagI and PactA-Term-Rv-EagI, re-
spectively. Each of these primers was used with primer Term-Fw-SacI to amplify
the transcriptional terminators from pH-hly gfp-PL3 as described above. PCR
fragments were cloned in pCR-Blunt and verified by sequencing using primers
M13 and REV. The SacI-EagI restriction fragments containing the promoters
were gel purified and cloned into the corresponding SacI-EagI-digested pAD-
cXFP plasmid. As a result, the Phyper promoter was replaced by the PinlC or
PactA promoter. All pAD-based plasmids were verified by sequencing using
primers pPL2-Rv and pPL2-Fw and were transformed into L. monocytogenes by
electroporation. Integration into the chromosome was verified by PCR amplifi-
cation using primers NC16 and PL95 (16).

For translational fusion, the GFP-, CFP-, YFP-, and mCherry-encoding
sequences were amplified from pAD-cGFP, pAD-cCFP, pAD-cYFP, and pAD-
cCherry, respectively, using primers pairs cfp-yfp-Fw-PstI/gfp-Rv-SalI, cfp-yfp-
Fw-PstI/Y/CFP-Rv-SalI, cfp-yfp-Fw-PstI/Y/CFP-Rv-SalI, and mCherry-Fw-NsiI-
BamHI/mCherry-Rv-SalI. PCR fragments were cloned in pCR-Blunt and could
be used to perform translational fusion using the PstI or BamHI sites at the 5�
end of the fluorescence-encoding gene.

To construct the pAT18-based plasmids, the SacI/SalI restriction fragments of
the pAD-based plasmids formed by the transcriptional terminators, the pro-
moter, the hly UTR, and the color genes were cloned in SacI/SalI-digested
plasmid pAT18.

Invasion assay. Caco-2 cell suspensions obtained from confluent monolayers
were seeded at a concentration of 1.5 � 105 cells per well in six-well tissue culture
plates (Nalgene) and grown for 24 h in an antibiotic-free medium. Briefly, the
Listeria strains were grown to an optical density at 600 nm (OD600) of 0.8,
washed, and diluted in DMEM. Bacterial suspensions were added to the Caco-2
cells at a multiplicity of infection (MOI) of approximately 50 bacteria per cell and
incubated for 1 h. The cells were then washed, and noninvasive bacteria were
neutralized by adding complete medium containing 25 �g/ml of gentamicin.
After incubation for the appropriate time, the cells were detached with trypsin
and resuspended in phosphate-buffered saline (PBS). One volume of Cyto-chex
(Streck) was added to preserve the cells. Sampling was done in triplicate, and the
experiments were performed at least three times. For cytochalasin D treatment,
cells were incubated in the presence of 5 mM cytochalasin D for 30 min prior to
infection.

Analysis of cell-to-cell spread. HeLa cells were grown on six-well plates,
transfected with Cy3-labeled negative control 1 small interfering RNA (siRNA)
(Ambion) using oligofectamine transfectant (Invitrogen) as recommended by the
manufacturer, and incubated for 48 h. Mouse J774A.1 macrophages grown in
75-cm2 flasks were infected with L. monocytogenes GFP strains at an MOI of 20
for 45 min. Cells were then washed twice with PBS and were incubated for 3.5 h
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TABLE 1. Plasmids and strains used in this study

Plasmid or strain Characteristics Collection
no.

Antibiotic
resistancea

Source or
reference

Plasmids
pCR-Blunt Blunt-end PCR cloning vector Km Invitrogen
pCR2.1-TOPO PCR cloning vector Ap Invitrogen
pmCherry Vector harboring the mCherry-encoding gene Ap Clontech
pAT18 E. coli-L. monocytogenes shuttle cloning vector 31
pPL2 L. monocytogenes site-specific phage integration vector BUG 2176 Cm 18
pH-hly gfp-PL3 pHPL3 expressing constitutive GFP BUG 2377 Cm 26
pJEBAM2 cfp gene under control of the L. monocytogenes Pdlt promoter BUG 2461 Ery 1
pJEBAM3 yfp gene under control of the L. monocytogenes Pdlt promoter BUG 2462 Ery 1

Cloning plasmids
pTOPO-Phyper Terminator-Phyper cloned in pCR2.1-TOPO BUG 2529 Km This study
pTOPO-PinlC Terminator-PinlC cloned in pCR2.1-TOPO BUG 2486 Km This study
pTOPO-PactA Terminator-PactA cloned in pCR2.1-TOPO BUG 2765 Km This study
pBlun-UTR-GFP hly UTR-gfp cloned in pCR-Blunt BUG 2526 Km This study
pBlunt-UTR-YFP hly UTR-yfp cloned in pCR-Blunt BUG 2768 Km This study
pBlunt-UTR-CFP hly UTR-cfp cloned in pCR-Blunt BUG 2769 Km This study
pBlunt-UTR-Cherry hly UTR-mCherry cloned in pCR-Blunt BUG 2770 Km This study

Plasmids used for constitutive labeling
of Listeria

pAD1-cGFP pPL2–Phyper-GFP (constitutive) BUG 2479 Cm This study
pAD1-cYFP pPL2–Phyper-YFP (constitutive) BUG 2771 Cm This study
pAD1-cCFP pPL2–Phyper-CFP (constitutive) BUG 2772 Cm This study
pAD1-cCherry pPL2–Phyper-mCherry (constitutive) BUG 2773 Cm This study
pAT18-cGFP pAT18–Phyper-GFPmut2 (constitutive) BUG 2533 Ery This study
pAT18-cYFP pAT18–Phyper-YFP (constitutive) BUG 2534 Ery This study
pAT18-cCFP pAT18–Phyper-CFP (constitutive) BUG 2535 Ery This study
pAT18-cCherry pAT18–Phyper-mCherry (constitutive) BUG 2818 Ery This study

Transcriptional fusions
pAD2-PinlC-GFP pPL2 expressing GFP under control of PinlC BUG 2491 Cm This study
pAD2-PinlC-CFP pPL2 expressing CFP under control of PinlC BUG 2792 Cm This study
pAD3-PactA-GFP pPL2 expressing GFP under control of PactA BUG 2793 Cm This study
pAD3-PactA-CFP pPL2 expressing CFP under control of PactA BUG 2795 Cm This study
pAD3-PactA-YFP pPL2 expressing YFP under control of PactA BUG 2794 Cm This study

Plasmids encoding fluorescent proteins
to generate translational fusions

pTL-GFP GFP cloned in pCR-Blunt BUG 2799 Km This study
pTL-CFP CFP cloned in pCR-Blunt BUG 2484 Km This study
pTL-YFP YFP cloned in pCR-Blunt BUG 2485 Km This study
pTL-Cherry mCherry cloned in pCR-Blunt BUG 2800 Km This study

Escherichia coli strains
TG1 �att cat-gfp TG1 strain �-att gfpmut2-cat BUG 2512 Cm35 J. M. Ghigo
XL1-Blue

Listeria strains
EGD L. monocytogenes wild-type strain BUG 600 13
EGD-e L. monocytogenes wild-type strain BUG 1600 12
�inlA EGD L. monocytogenes EGD InlA deletion mutant BUG 947 7
�inlB EGD L. monocytogenes EGD InlB deletion mutant BUG 1047 7
�inlAB EGD L. monocytogenes EGD InlAB deletion mutant BUG 949 7
�actA EGD L. monocytogenes EGD ActA deletion mutant BUG 2140 19
L. innocua L. innocua wild-type strain BUG 499 7

Listeria strains constitutively labeled
with fluorescent proteins

EGD-cGFP pAD1-cGFP chromosomally integrated in EGD BUG 2539 Cm7 This study
EGD-cYFP pAD1-cYFP chromosomally integrated in EGD BUG 2541 Cm7 This study
EGD-cCFP pAD1-cCFP chromosomally integrated in EGD BUG 2543 Cm7 This study
EGDe-cGFP pAD1-cGFP chromosomally integrated in EGD-e BUG 2538 Cm7 This study
EGDe-cYFP pAD1-cYFP chromosomally integrated in EGD-e BUG 2540 Cm7 This study
EGDe-cCFP pAD1-cCFP chromosomally integrated in EGD-e BUG 2542 Cm7 This study
�inlA-cGFP pAD1-cGFP chromosomally integrated in �inlA EGD BUG 2774 Cm7 This study
�inlA-cYFP pAD1-cYFP chromosomally integrated in �inlA EGD BUG 2775 Cm7 This study
�inlA-cCFP pAD1-cCFP chromosomally integrated in �inlA EGD BUG 2776 Cm7 This study
�inlB-cGFP pAD1-cGFP chromosomally integrated in �inlB EGD BUG 2553 Cm7 This study
�inlB-cYFP pAD1-cYFP chromosomally integrated in �inlB EGD BUG 2554 Cm7 This study
�inlB-cCFP pAD1-cCFP chromosomally integrated in �inlB EGD BUG 2555 Cm7 This study
�inlAB-cGFP pAD1-cGFP chromosomally integrated in �inlAB EGD BUG 2777 Cm7 This study
�inlAB-cYFP pAD1-cYFP chromosomally integrated in �inlAB EGD BUG 2778 Cm7 This study
�inlAB-cCFP pAD1-cCFP chromosomally integrated in �inlAB EGD BUG 2779 Cm7 This study
�actA-cGFP pAD1-cGFP chromosomally integrated in �actA EGD BUG 2783 Cm7 This study
�actA-cYFP pAD1-cYFP chromosomally integrated in �actA EGD BUG 2784 Cm7 This study
�actA-cCFP pAD1-cCFP chromosomally integrated in �actA EGD BUG 2785 Cm7 This study
EGDe-(pAT18-cGFP) L. monocytogenes EGD-e harboring pAT18-cGFP BUG 2546 Ery5 This study
EGDe-(pAT18-cYFP) L. monocytogenes EGD-e harboring pAT18-cYFP BUG 2547 Ery5 This study

Continued on following page
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in complete medium containing 25 �g/ml of gentamicin. Cells were then washed,
removed by scraping, and resuspended in 10 ml of complete medium containing
gentamicin (25 �g/ml). The number of viable cells was determined using trypan
blue. After the incubation period, the L. monocytogenes-infected J774A.1 cells

were plated on HeLa cells at a ratio of 1 macrophage per 5 HeLa cells. The
mixed cultures were incubated for 18 h to allow spreading of L. monocytogenes
from the infected macrophages to the HeLa cells. Cells were detached with
trypsin, washed in PBS, and fixed with CytoFix (BD) for 20 min at 4°C. Data were

TABLE 1—Continued

Plasmid or strain Characteristics Collection
no.

Antibiotic
resistancea

Source or
reference

EGDe-(pAT18-cCFP) L. monocytogenes EGD-e harboring pAT18-cCFP BUG 2548 Ery5 This study
L. innocua cGFP pAD1-cGFP chromosomally integrated in L. innocua BUG 2646 Cm7 This study

Listeria strains harboring transcriptional
fusions

EGD-PinlC-GFP pAD2-PinlC-GFP chromosomally integrated in EGD BUG 2545 Cm7 This study
EGD-PinlC-CFP pAD2-PinlC-CFP chromosomally integrated in EGD BUG 2853 Cm7 This study
EGD-PactA-GFP pAD3-PactA-GFP chromosomally integrated in EGD BUG 2797 Cm7 This study
EGD-PactA-CFP pAD3-PactA-CFP chromosomally integrated in EGD BUG 2798 Cm7 This study

a Km, kanamycin; Ap, ampicillin; Cm, chloramphenicol; Ery, erythromycin; Cm35, 35 �g/ml chloramphenicol; Cm7, 7 �g/ml chloramphenicol; Ery5, 5 �g/ml
erythromycin.

TABLE 2. Primers used in this study

Primer Sequence Restriction
site(s)

Generation of fragments containing
transcriptional terminators and
promoters of interest

Phyper-Term-Rv-EagI GAGTCACGGCCGACACACATTATGCCACACCTTGTAGATAAAG
TCAACAACTTTTTGCAAAATTAGGCCCTTTCGTCTTCAAGAA

EagI

PinlC-Term-Rv-EagI GAGTCACGGCCGGGATCCTTATATGTTAGCAAAAATAAGAGA
TGTTTAAATTAACAAGCGTTAATAATCCCGGGCCCTTTCGTC
TTCAAGAA

EagI

PactA-Term-Rv-EagI GAGTCACGGCCGGGATCCTTTTAAGAATATCACTTGGAGAATT
AATTTTTCTCTAACATTTGTTAATCAGTTAACCCCGGGCCCTT
TCGTCTTCAAGAA

EagI

Term-Fw-SacI GAGTCAGAGCTCGAATTCCGATCCCCAATTCCT SacI

Generation of the hly 5� UTR fragment
UTRhly-Fw-EagI GAGTCACGGCCGATAAAGCAAGCATATAATA EagI
UTRhly-Rv GGGTTTCACTCTCCTTCTACA
UTRhly�gfp-Fw GGTTAAAAAATGTAGAAGGAGAGTGAAACCCATGCGTAAAGG

AGAAGAACTTT
UTRhly�cfp-yfp-Fw GGTTAAAAAATGTAGAAGGAGAGTGAAACCCATGGCTAGCAA

AGGAGAAGAACTTT
UTRhly�mCherry-Fw GGTTAAAAAATGTAGAAGGAGAGTGAAACCCATGGTGAGCAA

GGGCGAGGAGG

Generation of the fluorescent protein-
encoding fragment

gfp-Rv-SalI GAGTCAGTCGACTTATTTGTATAGTTCATCCATGCC SalI
CFP-int-Rv GTTGAGAGGTAATGGTTGTCTGGTAA
CFP-int-Fw CCAGACAACCATTACCTCTCAACACAATCTGCCCTTTCGAAA
Y/CFP-Rv-SalI GAGTCAGTCGACTTATTTGTAGAGTTCATCCATGCCACGTGTA SalI
mCherry-Rv-SalI GAGTCAGTCGACTTACTTGTACAGCTCGTCCATG SalI
cfp-yfp-Fw-PstI GAGTCACTGCAGGCTAGCAAAGGAGAAGAACTTT PstI
mCherry-Fw-NsiI-BamHI GAGTCAATGCATGGATCCGTGAGCAAGGGCGAGGAGG NsiI/BamHI

Sequencing insert in pAD-based plasmid
pPL2-Fw TTCGACCCGGTCGTCGGTTC
pPL2-Rv CTTAGACGTCATTAACCCTCAC

Sequencing insert in pCR-Blunt
M13 TGTAAAACGACGGCCAGT
Rev CAGGAAACAGCTATGACC

Verification of pAD integration in the
Listeria chromosome

NC16 GTCAAAACATACGCTCTTATC
PL95 ACATAATCAGTCCAAAGTAGATGC
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collected with a FACSCalibur (BD) equipped with a 15-mW argon laser (emis-
sion wavelength, 488 nm).

Epifluorescence analysis. Infected Jeg-3 cells were fixed with a paraformalde-
hyde solution (4% in PBS) for 20 min at room temperature and permeabilized
(0.4% Triton X-100 for 5 min in PBS). Cells were then rinsed five times in PBS,
incubated with Alexa Fluor 488, 546, or 647 phalloïdin for 1 h at room
temperature, rinsed five times in PBS, and mounted on glass coverslips using
Fluoromount mounting medium (Electron Microscopy Sciences). Samples
were analyzed with a Zeiss Axiovert 135 epifluorescence microscope (Carl
Zeiss) connected to a charge-coupled device (CCD) camera. Images were ac-
quired with a �63 oil immersion objective, and images were processed with
MetaMorph software (Universal Imaging).

In vivo and ex vivo infections. Animal experiments were performed in accor-
dance with the Institut Pasteur guidelines for laboratory animal husbandry.
Bacterial virulence in mice was studied by injecting 8-week-old female BALB/c
mice (Charles River) intravenously with a sublethal bacterial inoculum (105 CFU
per mouse). At 72 h after infection, spleens were aseptically removed, single-
cell spleen suspensions were prepared by mechanical homogenization using a
100-�m cell strainer (BD Biosciences) in cold fluorescence-activated cell sorting
(FACS) buffer (PBS supplemented with 2.5 mM EDTA and 1% fetal calf se-
rum), and erythrocytes were lysed with BD FACS lysing solution (BD Bio-
sciences). Cells were then resuspended in cold FACS buffer.

Blood was collected from hearts of 8-week-old female BALB/c mice (Charles
River) using a 21-gauge needle and a 2-ml syringe. The blood was immediately
transferred to tubes containing heparin as an anticoagulant. Infection was per-
formed using 109 bacteria/ml of blood for 1 h. Erythrocytes were lysed with BD
FACS lysing solution (BD Biosciences), and white blood cells were resuspended
in cold FACS buffer. All samples were fixed with CytoFix (BD Biosciences) for
20 min at 4°C and then analyzed by flow cytometry as described above.

RESULTS

Construction of fluorescent protein-encoding plasmids. The
plasmids that we generated in this study were derived from
the pPL2 plasmid, which inserts in the Listeria chromosome
at the tRNAArg-attBB site (18), thereby avoiding the re-
quirement for antibiotic pressure to maintain the plasmid
and heterogeneity of the fluorescence intensity due to variation in
the plasmid copy number. A chloramphenicol antibiotic resis-
tance cassette is present on the pPL2 plasmid, which also is
integrated. Therefore, the presence of the construct can be
verified by selection on chloramphenicol-containing medium
and by PCR amplification (16).

Plasmids used for constitutive fluorescent labeling of L.
monocytogenes. We first generated integrative plasmids that
constitutively express fluorescent proteins. Our plasmid con-
structs were derived from the L. monocytogenes integrative
pH-hly gfp-PL3 plasmid (14, 18), which harbors the Hyper-
SPO1 constitutive promoter (Phyper) fused to the hly 5� UTR,
as well as the gfp gene (26). In our plasmid constructs, we
maintained most of the elements present in the pH-hly gfp-PL3
plasmid, but we engineered new, more convenient enzyme
restriction sites that allowed easy excision and insertion of the
different elements (Fig. 1). Specifically, we conserved from the
pH-hly gfp-PL3 plasmid the tandem rrnB T1 transcription ter-
minators, the Phyper promoter, and the hly 5� UTR sequence,
which was shown to enhance expression of cis-associated genes,
possibly through a posttranscriptional mechanism (26). However,
we replaced the gfp gene in pH-hly gfp-PL3 (5) with the gene
encoding GFPmut2, which has greater fluorescence intensity, or
with the genes encoding CFP, YFP, and mCherry. In summary,
we constructed four plasmids, pAD1-cGFP, pAD1-cCFP, pAD1-
cYFP, and pAD1-cCherry, which constitutively express GFP,
CFP, YFP, and mCherry, respectively (Fig. 1 and Table 1), all of
which (except the mCherry constructs) were used in assays de-
scribed below.

In addition, we constructed four multicopy plasmids, pAT18-
cGFP, pAT18-cYFP, pAT18-cCFP, and pAT18-cCherry, in
which the markers are also under control of the Phyper pro-
moter and downstream of the 5�UTR of hly, which allowed
constitutive green, yellow, and blue labeling of Listeria (Table
1). Due to the multicopy nature of these plasmids, they induce
stronger fluorescent labeling of bacteria (data not shown).
However, they require antibiotic pressure for maintenance and
therefore can be used only for short-term experiments.

Generation of transcriptional fusions. Transcriptional re-
porter vectors with �-galactosidase or cat (chloramphenicol
acetyltransferase) genes are extensively used to assess gene
expression. However, these reporters cannot be used to assess
regulatory processes at the single-bacterium level because they
rely on assays carried out with a bacterial population. Thus,
fluorescent reporter systems integrated into the bacterial chro-
mosome are necessary to study gene expression at the single-
bacterium level.

We constructed five plasmids harboring transcriptional fu-
sions with the PactA and PinlC promoters. These promoters
are regulated by PrfA and are induced at different levels when
bacteria enter cells (3, 29). We constructed three transcrip-
tional fusions with the PactA promoter (fused to GFP, CFP, or
YFP) and two transcriptional fusions with the PinlC promoter

FIG. 1. Schematic diagrams of the plasmids constructed in this
study. The pAD plasmids are based on integrative plasmid pPL2. They
contain four main elements: (i) tandem transcriptional terminators
before the promoter to avoid any residual transcription from any
upstream promoter, (ii) a constitutive promoter (Phyper) or a pro-
moter of interest (PinlC and PactA), (iii) the hly 5� UTR sequence,
which was described as a stabilizer of the transcript, and (iv) a
fluorescence-encoding gene (gfp, yfp, cfp, or cherry).
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(fused to GFP and YFP) (Fig. 1 and Table 1), which were used
in assays described below.

The plasmids that we constructed allow easy insertion of any
other promoter of interest and are therefore very versatile. Pro-
moters of interest can be inserted in place of PactA at the EagI
or BamHI/SalI sites of plasmids pAD3-PactA-GFP, pAD3-PactA-
CFP, and pAD3-PactA-YFP, which allows fusion with each of the
markers present in the plasmid (Fig. 1 and Table 1).

Tools for generation of translational fusions. In order to
analyze the expression and the fate of a protein encoded by
a gene of interest, we also constructed plasmids to generate
translational fusions. We constructed four vectors harboring
the fluorescent protein-encoding genes (pTL-GFP, pTL-CFP,
pTL-YFP, and pTL-Cherry) without the hly UTR and their
start codon (Table 1). Each of these plasmids can be used to
construct translational fusions and cloned in the pAD plasmids
described above.

Briefly, the fluorescence genes are first liberated from the
pTL cloning vector using PstI and SalI. The gene of interest is
amplified with 5� and 3� primers bearing an XmaI site and a
PstI site, respectively, at the 5� end. Three-fragment ligation
with the XmaI/PstI-digested PCR product, the PstI/SalI fluo-
rescence-encoding gene, and the XmaI/SalI-digested pAD-
based plasmid (pAD3-PactA-GFP, for instance) is then per-
formed to generate the translational fusion. The expression
and localization of the encoded protein in live or fixed L.
monocytogenes can then be determined.

Detection of constitutive and inducible GFP-, YFP-, and
CFP-tagged L. monocytogenes. To determine whether a single
copy of the fluorescent marker gene expressed under control of
the Phyper promoter was sufficient for detection by epifluores-
cence microscopy, we transformed L. monocytogenes (strain
EGD-e or EGD) with four integrative plasmids (pAD1-cGFP,
pAD1-cCFP, pAD1-cYFP, and pAD1-cCherry), each express-
ing a different fluorescence gene under control of a constitutive
promoter. Figure 2 shows that L. monocytogenes strains EGD-
cGFP, EGD-cCFP, and EGD-cYFP were fluorescent and were
detected by immunofluorescence microscopy. Furthermore,
the colors are spectrally different; therefore, the bacteria in a
mixture containing different types of bacteria, each expressing
a different color, can be distinguished from one another and
used in combinations (Fig. 2). As described below, the L.
monocytogenes EGD-cGFP strain was also used to perform
FACS analyses.

We also infected Jeg-3 cells with L. monocytogenes strains
EGD-cGFP, EGD-cCFP, and EGD-cYFP. Figure 2 shows in-
tracellular bacteria as they polymerize actin tails. These intra-
cellular bacteria could also be detected by their different col-
ors, and therefore they expressed sufficient fluorescence that
they could be detected when they were located intracellularly.
Additionally, we could coinfect cells with L. monocytogenes
EGD-cCFP and EGD-cYFP and detect the two distinct pop-
ulations in the cytoplasm. This is a powerful tool for comparing
the invasiveness and infection potentials of different strains.

We also compared the expression of two genes, actA and
inlC, both of which are, as indicated above, regulated by the
major virulence transcription factor PrfA (3, 29). To do this,
we transformed the pAD2-PinlC-GFP and pAD3-PactA-GFP
plasmids into wild-type L. monocytogenes strain EGD and in-
fected HeLa cells. We examined the fluorescence of the strains

during infection in order to determine the location of gene
expression. Figure 2 shows that the strain expressing PactA-
GFP was fluorescent both before and after invasion, which is
consistent with results obtained previously (21). In contrast,
the strain expressing PinlC-GFP was fluorescent only after the
bacteria entered the host cell, in agreement with the results of
previous transcriptional studies (9). Thus, although the two
genes are regulated by the same transcription factor, inlC ex-
pression is restricted to the cytosol of the host cell, at least in
the EGD strain used in this study. In addition, we showed that
the inlC promoter fused to the CFP marker is also readily
detectable inside cells. Therefore, a single copy of a fluorescent
reporter gene fused to either PactA or PinlC is easily detected
during infection and can be used to detect the precise cellular
compartment where gene expression occurs.

Measurement of GFP-tagged L. monocytogenes internaliza-
tion using flow cytometry. We took advantage of our chro-
mosomally tagged L. monocytogenes strain constitutively ex-
pressing GFP to develop a rapid method to determine the
proportion of infected host cells. Indeed the time-consuming
method of counting the number of L. monocytogenes CFU in
the gentamicin survival assay determines only the percentage
of bacteria that have invaded the host cell and gives no indi-
cation of the proportion of infected cells. To measure the
number of cells harboring intracellular bacteria, we infected
Caco-2 cells with L. monocytogenes EGD-cGFP, trypsinized
and fixed them at various time points after infection, and used
FACS analysis to detect fluorescent infected cells.

In a representative experiment in which Caco-2 cells were
infected using a multiplicity of infection of 50 bacteria per cell,
21% of the cells were fluorescent as early as 1.5 h after infec-
tion. Thus, L. monocytogenes invaded 21% of the Caco-2 cells.
To demonstrate that the fluorescence detected at early times
during infection was really due to invasion, we treated cells
with cytochalasin D, a drug that inhibits actin polymerization
and prevents entry of bacteria. Cytochalasin D pretreatment
decreased the number of infected cells to the background level,
showing that the fluorescence detected in this assay was due to
intracellular bacteria. Therefore, at early time points after in-
fection, this method allows measurement of the proportion of
infected cells and the efficiency of bacterial invasion.

To determine the sensitivity of this method, we tested three
mutants known to have an invasion defect. InlA and InlB are
two proteins that are important for invasion and that bind
E-cadherin and Met receptors, respectively (2, 15, 34). We
tested inlA or inlB single mutants and a inlAB double mutant
to determine their capacities to invade Caco-2 cells. Figure 3A
shows that as early as 1.5 h postinfection we detected a partial
entry defect for the inlA and inlB mutants, which infected 15%
and 11% of the cells, respectively (compared to 21% for a
wild-type strain). A greater entry defect was detected for the
inlAB double mutant, as only 7% of the cells were infected.
Therefore, infection with GFP-expressing L. monocytogenes
can be quantified by flow cytometry, a powerful tool for mea-
suring internalization defects.

Analysis of intracellular replication and cell-to-cell spread
by flow cytometry. The same protocol of infection of Caco-2
cells with L. monocytogenes was used to study other pheno-
types, such as intracellular replication and cell-to-cell spread.
In our assay, to measure intracellular replication, gentamicin
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FIG. 2. Fluorescence microscopy of L. monocytogenes. (A) Exponentially growing L. monocytogenes EGD-cGFP, EGD-cCFP, and EGD-cYFP
were harvested at an OD600 of 1 and observed by using fluorescence microscopy. (B) Jeg-3 cells were infected with EGD-cGFP, EGD-cCFP, or
EGD-cYFP or a mixture of EGD-cYFP and EGD-cCFP for 3 h. Cells were fixed, permeabilized, and marked with 4�,6�-diamidino-2-phenylindole
(DAPI) and phalloidin (Alexa 647, 546, or 488). (C) Jeg-3 cells were infected with EGD-PinlC or EGD-PactA for 3 h. Extracellular bacteria were
distinguished from intracellular bacteria by staining with an anti-Listeria antibody (red) prior to permeabilization.
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was added to the culture at 1 h postinfection to stop internal-
ization. Therefore, any increase in the number of intracellular
bacteria was due solely to replication and spreading to neigh-
boring cells. We performed a FACS analysis like that described
above and evaluated intracellular replication by quantifying
the intensity of fluorescence in infected cells (geometric mean
of the fluorescence values for GFP-positive cells). The results
of a representative experiment are shown in Fig. 3B, which
shows the average fluorescence intensity for infected cells over
the course of infection. Cells infected with wild-type L. mono-
cytogenes and with inlA, inlB, and inlAB mutants exhibited
similar fluorescence intensities, which did not increase over the
course of infection. In contrast, cells infected with an actA
mutant, which could not spread from cell to cell, exhibited a
	2-fold increase in fluorescence, reflecting the well-described
actA bacterial microcolonies that accumulate in infected cells.

Cell-to-cell spreading can also be monitored using this
method, although a more thorough method is described below.
Indeed, in the FACS assay described above, the number of
infected cells increased steadily over time. Since extracellular
bacteria were cleared by the gentamicin added 1 h after the
start of infection, the increase in the percentage of infected
cells was due mostly to cell-to-cell spreading. Figure 3C shows
that over time there was an increase in the number of cells that
were infected with wild-type L. monocytogenes, and up to 75%
of the cells were infected by 9 h after infection. Similar results
were obtained for the inlA and inlB mutants, which did not
have a cell-to-cell spread defect, and by 9 h after infection
these strains had infected 70% of the cells. In contrast, an actA
mutant, which was defective in actin polymerization, infected a
significantly lower number of cells than the wild-type strain.
Therefore, FACS analysis of cells infected with L. monocyto-
genes expressing GFP can also be used to monitor cell-to-cell
spread.

Measurement of cell-to-cell spread using L. monocytogenes
EGD-cGFP in a “two-cell” infection assay. Although cell-to-
cell spread can be evaluated as described above (Fig. 3), we
developed a more thorough assay which allowed us to circum-
vent potential initial entry defects. This assay is based on a
previously described protocol (8), in which we used our fluo-
rescent L. monocytogenes EGD-cGFP strain and flow cytom-
etry. In this assay, in order to bypass entry defects, J774A.1
macrophages were infected with fluorescent bacteria (Fig. 4A).
The infected macrophages were then placed on a monolayer of
fluorescently labeled epithelial cells (Cy3) that had been trans-
fected with a Cy3-labeled control siRNA. Cell-to-cell spread
from the macrophages to the epithelial cells could then occur.
At the end of the assay, cells were collected and analyzed by
FACS to determine the number of infected epithelial cells,
which were the cells labeled with both GFP and Cy3. The
results obtained in a representative experiment using this tech-
nique are shown in Fig. 4B and C. Macrophages were infected
with the wild-type strain or the �actA or �inlAB strain, all
constitutively expressing GFP. As shown in Fig. 4B, at 3 h
postinfection, all macrophages exhibited the same fluores-
cence, which shows that all of the strains infected the macro-
phages similarly. Subsequently, the infected macrophages were
added to confluent HeLa cells that were previously transfected
with the Cy3-labeled “control” siRNA. As shown in Fig. 4C,
97% of the HeLa cells were Cy3 positive, demonstrating that

FIG. 3. Flow cytometry analysis of infection. (A) Bacterial cell in-
vasion at 3 h postinfection. Semiconfluent Caco-2 cells were infected
with chromosomally GFP-tagged L. monocytogenes wild-type strain
EGD and �inlA, �inlB, and �inlAB mutants (MOI, 50). Caco-2 cells
treated with cytochalasin D (CytoD) were infected with strain EGD.
At 3 h postinfection, Caco-2 cells were treated with trypsin and resus-
pended in PBS. Caco-2 cells that were infected with GFP-tagged
strains were analyzed by FACS. The percentages of infected cells in
three independent experiments are shown. The error bars indicate
standard errors of the means. (B) Kinetics of intracellular replication
of L. monocytogenes wild-type strain EGD and �actA, �inlA, �inlB,
and �inlAB mutants during infection. The y axis indicates the geomet-
ric means of GFP-positive cells as determined by FlowJo software
analysis. Each symbol indicates the average fluorescence of cells col-
lected in at least three independent experiments. The error bars
indicate standard errors of the means. (C) Kinetics of cell invasion
by L. monocytogenes wild-type strain EGD and �inlA, �inlB, and
�inlAB mutants during infection. The y axis indicates the percent-
ages of infected cells as determined by FlowJo software analysis.
Each symbol indicates the average for 10,000 cells collected in at
least three independent experiments. The error bars indicate stan-
dard errors of the means. WT, wild type.
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the transfection efficiency was high. After 18 h of contact be-
tween wild-type EGD-infected macrophages and Cy3-labeled
HeLa cells, FACS analysis was performed; 40% of the HeLa
cells were fluorescent (green), indicating that 40% of the HeLa
cells were infected through cell-to-cell spreading. Similar re-
sults were obtained with a mutant defective for both inlA and
inlB, which had an entry defect but no cell-to-cell spread de-
fect. In contrast, when the actA mutant, which was defective in
cell-to-cell spread, was used, only a small percentage of HeLa
cells were infected (5%, compared with 40% for the wild-type
strain).

Together, these results demonstrate that this technique is a
sensitive method for analyzing the abilities of different L.
monocytogenes strains to spread, independently of their entry
phenotype. It could also be useful for high-throughput screen-
ing after mutagenesis or RNA interference in order to identify
bacterial and host factors required for cell-to-cell spreading
(which is currently being studied).

In vivo detection of L. monocytogenes in organs. The consid-
erable advantage of the integrative and constitutively fluores-
cent L. monocytogenes strains and plasmids constructed in this
study is that antibiotic pressure is not required, which allows
long-term in vivo experiments to be performed. To determine
whether L. monocytogenes with GFP could be detected in the
organs of infected animals, we infected BALB/c mice for 3
days. We injected a sublethal dose (105 bacteria) intravenously,

and 72 h later spleens were collected, homogenized, and ana-
lyzed by flow cytometry. Figure 5 shows that a significant pro-
portion of the cells (17%) in infected mice displayed green
fluorescence, which was indicative of infection. Therefore, 72 h
after inoculation, cells infected by fluorescent L. monocyto-
genes in vivo can be unambiguously detected.

Further experiments were done to determine whether after
incubation of bacteria ex vivo in blood, blood cells infected with
L. monocytogenes containing GFP could be detected. Figure 5
shows that 34% of the cells were fluorescent after infection
with L. monocytogenes, demonstrating that blood cells were
heavily infected.

DISCUSSION

In this study we developed novel techniques based on a
combination of FACS analysis and chromosomally tagged flu-
orescent bacteria to study the different steps of the Listeria
infectious process. We constructed 13 fluorescence plasmids,
which were subsequently transformed into L. monocytogenes
and used for detection during infection. Specifically, we con-
structed nine integrative plasmids in which a fluorescence-
encoding gene was placed under control of a constitutive pro-
moter (Phyper) (23) or under control of a specific listerial
promoter. The resulting strains were examined either by using
fluorescence microscopy techniques or by performing flow cy-

FIG. 4. Macrophage overlay method and measurement of L. monocytogenes cell-to-cell spread by flow cytometry. (A) Schematic diagram of the
experimental procedure. (B) Flow cytometry analysis of macrophages infected with chromosomally GFP-tagged L. monocytogenes wild-type strain
EGD and �actA and �inlAB mutants. Three hours after infection, macrophage infection was analyzed by FACS; 10,000 cells were collected for
each sample. (C) Flow cytometry analysis of HeLa cells infected by bacterial spreading from macrophages. Dot plots representing fluorescence
from 10,000 cells were generated using FlowJo software. The data are representative of the results of at least three independent experiments.
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tometry analyses. The results obtained demonstrated the util-
ity, versatility, and efficacy of the constructed plasmids.

Transcriptional fusions. In this study we constructed plas-
mids for transcriptional fusion in order to study gene expres-
sion at the single-cell level. We used the PactA and PinlC
promoters as examples and showed by using immunofluores-
cence that the inlC gene is tightly regulated and expressed only
after invasion of host cells, whereas the actA gene, although
also induced inside cells, is expressed more ubiquitously.
Therefore, the PinlC promoter can be used as an intracellular
reporter, marking intracytoplasmic bacteria. The ability to dis-
tinguish intracellular and extracellular bacteria based only on
expression of a fluorescence marker is very useful and can be
used to screen bacterial strains defective for invasion or host
cells defective for components important for bacterial inva-
sion.

It is important to note that the two transcriptional fusion
plasmids were designed for versatile use with any other pro-
moter. Indeed, release of PactA or PinlC and insertion of
another promoter can be accomplished by simple restriction
digestion with SmaI and either BamHI or EagI. Furthermore,
although we studied expression of the actA and inlC genes only
in vitro, these constructs should also be functional in vivo for
studying expression in infected organs. In a similar manner,
translational fusions can be constructed using the tools de-
scribed here to determine the expression or fate of a specific
protein in vitro or in vivo.

Flow cytometry methods. Here we describe methods to an-
alyze L. monocytogenes internalization and further steps in the
infectious process by flow cytometry and show that this tech-
nique is sensitive and can detect different degrees of internal-
ization defects. Indeed, an inlA or inlB mutant has a small
entry defect, whereas the inlAB double mutant has a much
larger defect, as previously described (7, 11). We also analyzed
cell-to-cell spreading and intracellular replication. We used
this new technique to confirm that inlA and inlB mutants did
not have cell-to-cell spreading defects and ultimately infected
the same number of cells as the wild-type strain, whereas much
higher numbers of cells of an actA mutant, which cannot
spread, accumulated inside host cells. A closer analysis of this
technique suggested that it is not as effective for detecting a
cell-to-cell spreading defect as the “two-cell infection assay”
also described here. Indeed, Fig. 3C shows that the number of
cells infected with an actA mutant increased until 6 h after the
start of infection, even though gentamicin was added after 1 h
of infection. There are two possible explanations for this ob-
servation: (i) the gentamicin concentration used in our study
was not high enough to completely kill extracellular L. mono-
cytogenes, and reinfection occurred over time; or (ii) at 1.5 h
after infection we detected only a fraction of infected cells, the
cells containing a significant number of bacteria per cell, and
cells infected with only a few bacteria were detectable only
later in infection, when the number of bacteria per cell reached
the detection threshold. However, despite these limitations
this assay still allowed detection of a cell-to-cell spreading
defect, which could be more precisely analyzed using the “two-
cell infection assay” described here.

The flow cytometry methods that we describe in this paper,
in combination with the new plasmids constructed, are power-
ful tools for single-cell high-throughput studies. To analyze
infected cells by flow cytometry, the cells must be fluorescently
marked so that they can be distinguished from noninfected
cells. The integrative plasmids described here avoid the lengthy
immunofluorescence staining techniques used for these types
of analyses. Furthermore, only one copy of each of the plas-
mids is present on the chromosome; therefore, the fluores-
cence measured is a direct measure of the number of bacteria.
The main advantage of using flow cytometry is that a high
number of cells can be analyzed in a short time. Indeed, a
standard FACS analysis is able to analyze approximately 1,000
cells per second, which allows rapid acquisition of data for
10,000 or 20,000 cells. With such a large sample size, statistical
analysis is very powerful. Furthermore, as demonstrated here,
in a single experiment carried out over a time course of infec-
tion, we can study all of the cell cycle-associated phenotypes
(i.e., entry, intracellular replication, and cell-to-cell spreading).

Finally, by using a cell sorter, it is possible to separate the
labeled infected cells from the noninfected cells. Thus, with
this method one can generate a pure culture of infected cells at
any time point during infection (data not shown) in order to
perform subsequent experiments, such as biochemical analy-
ses. These fast and sensitive techniques are a considerable
improvement compared with the tools currently at our dis-
posal. We believe that these techniques could be applied to
other intracellular pathogens, like Shigella and Salmonella, and
should be important for high-throughput screening.

FIG. 5. In vivo and ex vivo infection by L. monocytogenes EGD-
cGFP: flow cytometry data for uninfected and infected spleens (in
vivo) and blood (ex vivo). BALB/c mice were infected with 105 CFU of
L. monocytogenes wild-type strain EGD intravenously for 3 days. Blood
was collected from BALB/c mice and infected with 109 wild-type L.
monocytogenes CFU/ml of blood. Spleen and blood cells were collected
and analyzed by FACS. At least 20,000 cells were analyzed for each
sample, and the data are representative of the results of three exper-
iments. Dot plots and gates were obtained using FlowJo software.
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Two-cell infection assay. The plaque assay is typically used
to evaluate L. monocytogenes cell-to-cell spreading efficacy in
vitro. The size and appearance of the plaques compared to
those formed by the wild-type strain indicate a defect in cell-
to-cell spreading. This technique, although reliable, has been
used mainly with fibroblast cell lines, and weak spreading de-
fects are difficult to detect. Taking advantage of our fluores-
cence-tagged bacteria, we adapted a previously described tech-
nique (8) to measure cell-to-cell spreading. This assay can be
performed with any cell type and bypasses potential bacterial
entry defects. The first step in this assay is to infect macro-
phages with L. monocytogenes. In this cell type, L. monocyto-
genes is phagocytosed and it does not use active entry mecha-
nisms. This initial step, therefore, bypasses active invasion of
cells and allows exclusive study of cell-to-cell spreading. This
assay could, for example, be important for measuring the role
in cell-to-cell spreading of proteins that otherwise are impor-
tant for entry of L. monocytogenes. The second step in our
assay is to overlay the infected macrophages on a layer of
epithelial cells, such as HeLa cells. To be able to differentiate
the infected HeLa cells from the macrophages, HeLa cells are
labeled by transfection with a Cy3-labeled siRNA, and cell-to-
cell spreading is measured by enumerating the number of cells
labeled with both Cy3 and GFP. Our results show that with this
novel method, cell-to-cell spreading can be precisely quantified
and bacterial or host factors required for this process can be
determined. Indeed, because a large number of cells can be
observed in a short time, this method can reveal subtle phe-
notypes that are difficult to detect using plaque assays. This
method should also be convenient for RNA interference-based
large-scale screens for host cell factors involved in cell-to-cell
spreading.

Red fluorescent L. monocytogenes. We constructed L. mono-
cytogenes strains expressing GFP, CFP, and YFP. However, in
contrast to the results of Andersen et al. (1), we were not able
to generate an L. monocytogenes strain expressing red fluores-
cence. Indeed, plasmids harboring the tetrameric DsRed-, di-
meric HcRed-, monomeric mRFP1-, or mCherry-encoding
genes were constructed and tested in L. monocytogenes (both
the EGD and EGD-e strains), but no fluorescence was de-
tected, whereas fluorescence was easily detected in E. coli
transformed with the same plasmids. We hypothesized that the
amount of red protein produced from a single chromosomal
copy was not sufficient to label Listeria. To test this possibility,
we cloned the same constructs into the multicopy plasmid
pAT18 (30). Similarly, although the E. coli strain harboring
pAT18-Cherry was fluorescent, the corresponding L. monocy-
togenes strain was not fluorescent (data not shown). The Phyper
promoter, in contrast to the dlt promoter used by Andersen et
al. (1), is probably not strong enough to label Listeria red even
when a multicopy plasmid is used.

In vivo studies. Fluorescent Listeria strains have been used
previously to study specific infected host cell populations in the
central nervous system of infected mice (17). However, this
study was limited to early time points due to the use of mul-
ticopy plasmids. Our results show that we could detect fluo-
rescent L. monocytogenes in spleens after 72 h of infection. We
are currently investigating the specific infected spleen cell pop-
ulations by labeling cells with cell-specific markers.

In summary, our integrative plasmids encoding fluorescent

reporters are new, convenient, and powerful tools for analyzing
the different steps of the L. monocytogenes infectious process
by fluorescence microscopy or flow cytometry and also gene
expression or protein localization at the single-bacterial-cell
level.
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